. Our studies have demonstrated the importance in E. coli of a [2Fe2S]-ferredoxin (Fd), YfaE, in the class Ia maintenance and possibly biosynthetic pathways (3, 4). We now report that NrdI is a flavodoxin (Fld), functioning as a two-electron reductant of NrdF (␤2), and can play a role in the maintenance pathway of the E. coli class Ib RNR analogous to that of YfaE in the E. coli class Ia system. E. coli contains genes for three RNRs that have been classified based on their metallocofactors: two class I RNRs (Ia and Ib) and a class III RNR. The class Ia RNR is the workhorse enzyme and is expressed under normal aerobic, vegetative growth conditions, whereas the class Ib enzyme is expressed under oxidative stress and iron-limited growth conditions (5-8). The class III RNR is expressed only under anaerobic conditions and will not be discussed further. The E. coli class Ia RNR is composed of two gene products, NrdA (␣) and NrdB (␤), and the genes are found in an operon with a [2Fe2S]-Fd, YfaE. The E. coli class Ib RNR is composed of NrdE (␣) and NrdF (␤) and the genes are found in an operon (nrdHIEF) with two additional genes. NrdH is a thioredoxin-like protein that functions as the specific disulfide reductase for NrdE (9). NrdI has yet to be functionally characterized. However, NrdI is annotated in the genomic databases as a Fld and a recent structure of the Bacillus subtilis NrdI . O 2 and an extra electron have been shown to be required for cluster assembly of NrdB. The substoichiometric assembly of cluster in NrdF suggests further investigation of cluster assembly is required. Fre may play an important role in the maintenance pathway and may be a reductase for YfaE (4, 41).
metallocofactor maintenance ͉ NrdF ͉ metallocofactor biosynthesis ͉ iron homeostasis R ibonucleotide reductases (RNRs) catalyze the conversion of nucleotides to deoxynucleotides in all organisms, providing the building blocks for DNA synthesis and repair and playing an essential role in controlling cellular deoxynucleotide pools (1) . Class Ia and Ib RNRs in Escherichia coli consist of two homodimeric subunits: ␣2 and ␤2. The ␣ subunit contains the site of nucleotide reduction and binding sites of the allosteric effectors that govern specificity and rate of substrate reduction. The ␤ subunit contains a diferric-tyrosyl radical (Y•) cofactor. The essential Y• varies in stability from days in the purified ␤2 of E. coli to minutes in ␤2 of mouse. The concentration of the Y• is directly correlated with RNR activity in vitro and in vivo and hence Y• modulation (2, 3) potentially provides a method of RNR regulation. Our recent efforts have been focused on identifying factors involved in the assembly of the diferric-Y• cofactor in the class Ia ␤2 (biosynthetic pathway), factors that can reduce the Y• (regulatory pathway), and factors that can reactivate the Y•-reduced, diferric form of the protein (met-␤2, maintenance pathway) (Fig. 1 ). Our studies have demonstrated the importance in E. coli of a [2Fe2S]-ferredoxin (Fd), YfaE, in the class Ia maintenance and possibly biosynthetic pathways (3, 4) . We now report that NrdI is a flavodoxin (Fld), functioning as a two-electron reductant of NrdF (␤2), and can play a role in the maintenance pathway of the E. coli class Ib RNR analogous to that of YfaE in the E. coli class Ia system. E. coli contains genes for three RNRs that have been classified based on their metallocofactors: two class I RNRs (Ia and Ib) and a class III RNR. The class Ia RNR is the workhorse enzyme and is expressed under normal aerobic, vegetative growth conditions, whereas the class Ib enzyme is expressed under oxidative stress and iron-limited growth conditions (5) (6) (7) (8) . The class III RNR is expressed only under anaerobic conditions and will not be discussed further. The E. coli class Ia RNR is composed of two gene products, NrdA (␣) and NrdB (␤), and the genes are found in an operon with a [2Fe2S]-Fd, YfaE. The E. coli class Ib RNR is composed of NrdE (␣) and NrdF (␤) and the genes are found in an operon (nrdHIEF) with two additional genes. NrdH is a thioredoxin-like protein that functions as the specific disulfide reductase for NrdE (9) . NrdI has yet to be functionally characterized. However, NrdI is annotated in the genomic databases as a Fld and a recent structure of the Bacillus subtilis NrdI (Protein Data Bank ID code 1RLJ) shows a protein with a Fld fold and bound FMN, supporting this annotation. To understand the interplay of the class Ia and Ib RNRs and the mechanisms by which their metallo-Y• cofactors are biosynthesized and main- Model for E. coli NrdB and NrdF biosynthesis, maintenance, and regulation. The model is based on recent studies of NrdB, the class Ia RNR (3, 4) , and the present studies of NrdF, the class Ib RNR. Y122 (NrdB) and Y105 (NrdF) are the precursors to the Y•. The involvement of a metal (M) other than Fe in vivo has not been ruled out in the case of NrdF. M may be Fe (13), Mn (39), or Mn/Fe (40) . O 2 and an extra electron have been shown to be required for cluster assembly of NrdB. The substoichiometric assembly of cluster in NrdF suggests further investigation of cluster assembly is required. Fre may play an important role in the maintenance pathway and may be a reductase for YfaE (4, 41) .
tained, and by which the concentration of Y• is regulated, we have begun to examine the proteins found in the class Ib operon.
E. coli NrdE and NrdF have not been previously purified, although the equivalent proteins from Salmonella typhimurium, sharing 89 and 87% sequence identity, respectively, have been purified (10) and their structures have been determined (11, 12) . Efforts to purify NrdI have been reported but were hampered by poor solubility. E. coli NrdI purified to 50% homogeneity was reported to stimulate by Յ2-fold the activity of S. typhimurium NrdEF (9) . The basis for this observation has remained unexplored.
Here, we report the cloning, overexpression, purification, and characterization of the E. coli class Ib RNR, NrdE, and NrdF and the Fld NrdI (and an N-terminally His 6 -tagged NrdI, HisNrdI). HisNrdI was overexpressed as inclusion bodies that were resolubilized and refolded in the presence of FMN, giving rise to large amounts of soluble NrdI containing noncovalently bound FMN. The three different redox states of FMN in HisNrdI were characterized by UV-visible (vis) absorption and EPR spectroscopies, and the reduction potentials governing their interconversions were determined. The unusual redox properties of HisNrdI allow it to function, anaerobically, as a two-electron reductant of the Y•-reduced diferric cluster in met-NrdF. Admission of O 2 to diferrous NrdF results in rapid regeneration of the diferric-Y• cofactor. Our results support a role for NrdI in an in vivo maintenance pathway for NrdEF that is orthogonal to that for NrdAB involving YfaE (Fig. 1) . They further point to the generality of maintenance pathways in RNRs to reactivate these essential enzymes when the Y• becomes reduced, whether by cellular regulatory mechanisms (e.g., cell cycle) or external environmental stresses (e.g., a host's immune response) (3, 4 (Fig. 1) . To test this hypothesis we cloned and expressed untagged NrdI (15.3 kDa) and HisNrdI (17.3 kDa). The untagged protein was poorly overexpressed, whereas HisNrdI was overexpressed to Ϸ30% of cellular protein but found predominantly in inclusion bodies. Small amounts of soluble untagged and His 6 -tagged NrdI were purified by conventional chromatographic methods. In each case, the vis spectrum exhibited features characteristic of a flavin. HPLC analysis of the small molecules isolated from the supernatant subsequent to protein denaturation revealed the bound cofactor to be FMN (Table S2 ). In neither case, however, was FMN incorporation stoichiometric.
Because of the high levels of expression of HisNrdI and previous reports that Flds can be refolded (14) , the inclusion bodies became the focus of our attention. They were purified and solubilized in buffer containing 8 M urea and 10 mM DTT. The solubilized protein was then refolded by rapid dilution into buffer without urea in the presence of FMN. The protein was concentrated on an SP Sepharose column and eluted with 200 mM NaCl, yielding homogeneous HisNrdI as judged by SDS/ PAGE. A typical yield of 50-60 mg HisNrdI per g of inclusion bodies was obtained.
Spectroscopic Characterization of HisNrdI. The UV-vis absorption spectrum of oxidized (ox) HisNrdI is shown in Fig. 2 (solid line). At pH 7.0, it exhibits maxima at 275, 380, and 454 nm, with shoulders at Ϸ425 and Ϸ480 nm. The extinction coefficient of the oxidized, protein-bound FMN at 454 nm ( 454ox ) was found to be 11.0 mM Ϫ1 ⅐cm Ϫ1 by the method of Mayhew and Massey (15) and was used to determine the concentration of HisNrdI in all experiments.
To determine the spectrum of the hydroquinone (hq) form of HisNrdI (Fig. 2 , dashed line; 454hq ϭ 0.8 mM Ϫ1 ⅐cm Ϫ1 ), anaerobic titrations with sodium dithionite were carried out. Unusual stoichiometries caused us to examine HisNrdI by SDS/PAGE in the absence of ␤-mercaptoethanol, revealing a Ϸ35-kDa band in addition to the expected Ϸ17-kDa HisNrdI. The HisNrdI monomer thus appears to readily form an intermolecular disulfide. Upon preincubation with Tris(2-carboxyethyl)phosphine (5 mM for 5 min), the HisNrdI could be fully reduced by a stoichiometric amount of dithionite.
Typical Flds can stabilize near-stoichiometric amounts of the neutral semiquinone (sq) form of FMN, as the differences in reduction potential between the protein-bound ox/sq and sq/hq couples are on the order of 200-300 mV. To our surprise, however, reductive titration of NrdI revealed low amounts of neutral sq, detectable at 575 nm (Fig. S2 ). Attempts to obtain the sq spectrum and 575sq from such a titration, either by a plot of A 454 versus A 575 (15) or spectral deconvolution using evolving factor analysis (16) , failed because all three redox states coexisted in significant amounts throughout the titration. Ultimately, 575sq was determined to be 3.4 mM Ϫ1 ⅐cm Ϫ1 by correlation of the vis and EPR spectra [acquired using an aqueous flat cell, with spin quantitation using NrdF Y• as a standard (17)] of HisNrdI, partially reduced with a defined amount of dithionite. Using 575sq and titrations of HisNrdI with dithionite, the spectrum of the pure sq was extracted and is consistent with those reported for other Flds (Fig. 2) . From these results, the maximum amount of sq stabilized by HisNrdI was calculated to be Ϸ28%, predicting that the reduction potential of the sq/hq couple (E sq/hq ) is higher than that of the ox/sq couple (E ox/sq ) by Ϸ14 mV at 25°C, using Eq. 1:
where K is the sq formation constant, defined as S3) . To enhance the sensitivity of the analysis because of the small amount of sq formed in the experiments, difference spectra were obtained by subtraction of the spectrum before XO addition from each subsequent spectrum (16). The difference spectra were then fit to dye (PS red Ϫ PS ox ) and protein (hq Ϫ sq, sq Ϫ ox) difference spectra by using multiple linear regression analysis. Analysis of the datasets yielded an average redox potential (E m ) of Ϫ260 Ϯ 10 mV and a K value of 0.7 Ϯ 0.2 (Fig. S4) . Using Eq. 1, these values correspond to E ox/sq ϭ Ϫ264 Ϯ 17 mV and E sq/hq ϭ Ϫ255 Ϯ 17 mV. The large errors are primarily caused by the overlapping vis spectra of the oxidized PS and the sq, the substantial difference in their extinction coefficients, and the low amounts of sq formed during the experiment. However, E ox/sq and E sq/hq are consistent with the predicted difference in E ox/sq and E sq/hq based on the titrations with dithionite. These reduction potentials indicate that NrdI is able to transfer two electrons (one at a time in rapid succession), an unprecedented role for a Fld.
Titration of Met-NrdF with Reduced HisNrdI. We hypothesized that NrdI plays a role in the NrdEF system analogous to YfaE's role in the NrdAB system (Fig. 1) . To test this model, met-NrdF (Ϸ0.002 Y•/␤2) was prepared by reduction of the Y• of NrdF (0.33 Y•/␤2) by hydroxyurea (HU). In the absence of O 2 , HisNrdI (Ϸ100 M, reduced to hq by titration with dithionite) was titrated into a cuvette containing met-NrdF (Ϸ20 M, 4.5 nmol), and spectra were recorded from 300-800 nm after each addition. The reduction of met-NrdF was monitored at 341 nm, the isobestic point of the hq and ox forms of HisNrdI. Representative spectra during the course of the titration are shown in Fig. 3 . Upon reaching an endpoint, judged by the ability to attribute the full absorbance change at 341 nm to the amount of HisNrdI added, O 2 was added to allow diferric-Y• cofactor assembly. The resulting difference spectrum ( (Table 1 ). These results demonstrate that HisNrdI is chemically competent to carry out stoichiometric reduction of met-NrdF and suggest a role in NrdF maintenance. Table 2) . At the end of the incubation, O 2 was added and the samples were transferred to EPR tubes and frozen in liquid N 2 for Y• quantitation. Analogous experiments with met-NrdB, using either reduced HisNrdI or FMNH 2 as a reductant, were also performed. In all cases only 0.02-0.05 Y•/␤2 were regenerated, which we attribute to dissociation of reduced Fe II , followed by binding to apo-␤2 and cluster assembly. The results argue that NrdI is involved in a specific reduction of NrdF, orthogonal to reduction of NrdB by YfaE (Fig. 1) .
Discussion
Initially as a method to judge the success of the refolding of HisNrdI, we focused on characterizing the redox properties of the bound FMN. Typically, the protein environment of Flds stabilizes near-stoichiometric amounts of neutral FMN sq by shifting E sq/hq from Ϫ172 mV for free FMN (20) to between Ϫ370 and Ϫ450 mV for bound FMN (21) and E ox/sq from Ϫ238 mV to between Ϫ50 and Ϫ220 mV for free and bound FMN, respectively. Thus the physiological role of typical Flds is as a one-electron reductant. Our studies indicate that HisNrdI's E ox/sq and E sq/hq values are roughly equivalent: Ϫ264 and Ϫ255 mV, respectively. This behavior is, to our knowledge, unprecedented for a Fld.
Two arguments suggest that the unusual reduction potentials of NrdI are physiologically interesting. The first is based on an examination of sequence alignments and structures of WT and mutant Flds in comparison with sequence alignments of NrdIs (Fig. S5 ) and a structure of B. subtilis NrdI. The second is the ability of reduced NrdI to specifically reduce met-NrdF.
Flds have been categorized into two classes, short chain and long chain, which differ by an insertion of Ϸ20 residues interrupting the final ␤-strand (22) . Structures of both classes of Flds in the three different oxidation states have been determined. Additional structures in which residues suggested to be involved in redox perturbation have been mutated (21, 23) , combined with reduction potential measurements of these mutants (23, 24) , have given us a framework to think about the unusual properties of NrdI.
The basis for the large perturbation of the sq/hq equilibrium in Flds relative to free FMN is proposed to be largely electrostatic. The reduced FMN is bound in the anionic form with N(1) deprotonated, there is often a D within Ϸ6 Å of N(1), and there are additional, uncompensated negatively charged residues within the vicinity of the flavin. The negative electrostatic environment around the FMN is proposed to hinder reduction of the sq to the hq, thus lowering E sq/hq (24) . In Desulfovibrio vulgaris Fld, for example, seven acidic residues, without compensating positively charged residues, are within 13 Å of the FMN N(1). A homology model (25, 26) of E. coli NrdI based on the structure of B. subtilis NrdI suggests a more neutral or positively charged environment in B. subtilis and E. coli NrdIs, respectively.
In oxidized D. vulgaris Fld, D95, 6.3 Å from the flavin N(1), is particularly interesting. Mutation of this residue to N increased E sq/hq by 46 mV (24) . This D95 is conserved in many, although not all, Flds, but the corresponding residue is an N in all NrdIs (Fig. S5) . We propose that the D 3 N substitution in NrdIs and the general, neutral electrostatic environment around the FMN (presuming the hq is anionic in NrdIs as well) may play important roles in the destabilization of the sq form observed in E. coli NrdI relative to other Flds.
The perturbation of the ox/sq equilibrium in generic Flds is proposed to be associated with conformational changes of a flexible loop near the N(5) of FMN (the 50s loop, E. coli NrdI G 50 GGG 53 ; see Fig. S5) (21, 22, 27 ). Both long-and short-chain Flds can stabilize the sq and hq forms by protein backbone O-HN(5) interactions. The ability also to form a hydrogen bond in the ox form between N(5) and a protein backbone amide, absent in short-chain Flds, is thought to contribute to the lower E ox/sq values of long-chain Flds (21, 27) . Therefore, E ox/sq for NrdI, low for a short-chain Fld, may be explained by the presence of a flexible, G-rich loop in the vicinity of N(5) in most NrdIs. This loop could be responsible for hydrogen-bonding with the N(5) position in all three FMN oxidation states, either as hydrogen bond donor (ox) or acceptor (sq and hq). Thus, although studies need to be carried out to examine the hypotheses raised above, our knowledge of Flds in general allows us to rationalize the differences observed for NrdI and suggest that the unusual reduction potentials of its FMN are physiologically interesting.
The most compelling support that the reduction potentials observed are not an artifact of refolding or the His 6 tag is the demonstration that NrdI can reduce NrdF. Anaerobic titration of met-NrdF with reduced HisNrdI resulted in reduction of Ϸ80% of its Fe and upon admission of O 2 , diferric-Y• cofactor was generated to the same level as the starting NrdF (Table 1) . Our inability to generate higher ratios of Y•/␤2, as we observed with the class Ia system (4), suggests that despite its reduction, much of the Fe is not chemically competent in cofactor assembly. Control experiments with FMNH 2 yielded Ϸ10% the levels of Y• observed with reduced NrdI, similar to the results with met-NrdB and FMNH 2 . These results demonstrate that FMNH 2 can only inefficiently reduce met-NrdF (and met-NrdB) to form cofactor and that dissociation of FMNH 2 from reduced NrdI does not account for Y• formation. Thus, NrdI can specifically reduce NrdF and is likely involved in diferric-Y• maintenance of the class Ib RNR, analogous to the role proposed for YfaE in the class Ia RNR (Fig. 1) . The presence of NrdI and NrdF within the same operon and the fact that Flds in a number of systems have been observed to substitute for Fds in vitro and in vivo under Fe-limited growth conditions (28-30) provide additional support for this proposal.
The fact that 192 of 210 bacterial genomes containing annotated nrdEF genes also contain a nrdI (http://rnrdb.molbio.su.se) strongly suggests that the maintenance function of NrdI will be conserved among organisms encoding a class Ib RNR. Indeed, while our manuscript was in preparation, Sjöberg and coworkers (31) published the results of a study in which the nrdI gene from Streptococcus pyogenes was shown to be essential for activity of the NrdEF system in a heterologous complementation assay in E. coli. This in vivo requirement for NrdI suggests that the specific role we have identified in vitro is applicable in vivo.
Our experiments also suggest explanations for the expression of NrdEF under oxidative stress and Fe-limited growth conditions. Reactive oxygen species are known to degrade Fe-S clusters, and YfaE is, in fact, very O 2 -sensitive. Thus YfaE may be unable to fulfill its role in NrdB maintenance under these conditions, even if NrdAB is still expressed. Response to Fe limitation would involve decreasing synthesis of nonessential Fe-requiring proteins (32) , and thus an RNR using a Fld (NrdI) rather than a [2Fe2S]-Fd would also be more favorable. Furthermore, this switch provides a rationalization for the regulation of nrdHIEF by Fur (8) .
Rapid reduction of diferric, met-NrdF to the diferrous state to initiate its reactivation requires two electrons, one at a time. A number of strategies are possible to achieve this goal. The reduction potentials of E. coli HisNrdI appear to have been tuned to ensure rapid transfer of the second electron to mixedvalent (Fe II Fe III ) NrdF, assuming that this state is more susceptible to reduction than met-NrdF, as is the case in the E. coli class Ia NrdB (33) . An alternative strategy has evolved to reduce met-NrdB. The [2Fe2S]-Fd YfaE is a one-electron reductant. A control titration of met-NrdB with YfaE (not shown) gave results as described (4).
Thus, for YfaE to function efficiently in the delivery of the second electron, the catalytic involvement of a Fd reductase (Fre) (Fig. 1 ) is likely required, or two YfaEs must be able to bind to a single ␤. Whether NrdI is present in stoichiometric amounts relative to NrdF, or a Fld reductase such as Fre allows NrdI to function catalytically, remains to be established. Understanding the interactions of NrdI and NrdF and modulation of Y• and thus RNR activity in vivo through model studies in E. coli will hopefully shed light on how the NrdEF system is involved in permitting survival of E. coli and other prokaryotes, including many human pathogens, under oxidative stress and Fe-limited conditions.
Materials and Methods
Materials and General Methods. See SI Text for details.
Cloning, Expression, and Purification of N-Terminally His-Tagged NrdE and NrdF. Details are provided in SI Text. nrdE and nrdF were obtained by PCR from WT E. coli K-12 (Yale E. coli Genetic Stock Center) and were cloned into pET-28a (HisNrdE) and pET-24a (NrdF) vectors (Novagen). HisNrdE was purified by Ni-NTA (Qiagen) and Q Sepharose chromatography. NrdF was purified according to previously published procedures for NrdB (SI Text). The concentration of HisNrdE was determined by using 280 ϭ 177 mM Ϫ1 ⅐cm Ϫ1 , estimated by ExPaSy (34) . Its purification resulted in Ϸ1 mg/liter culture (Ϸ95% pure by SDS/PAGE). The concentration of NrdF was determined by using 280 ϭ 132 mM Ϫ1 ⅐cm Ϫ1 (34) . Its purification resulted in Ϸ120 mg/liter culture (Ϸ95% pure by SDS/PAGE), with 3.1 Fe/␤2 and 0.33 Y•/␤2.
In Vitro Reconstitution of NrdF. The diferric-Y• cofactor was also assembled from apo-NrdF as described (SI Text for details). The purification procedure for apo-NrdF resulted in Ϸ25 mg/liter culture (Ϸ95% pure by SDS/PAGE), and upon reconstitution, 3.6 -3.8 Fe/␤2 and 0.50 Y•/␤2.
EPR Spin Quantitation of Y•.
EPR spectra were recorded at 77 K on a Brü ker ESP-300 X-band spectrometer (9.3 GHz, 50-W power, 2.52 ϫ 10 3 gain, 1.5-G modulation amplitude). A CuSO 4 standard solution was used for spin quantitation (35) , with analysis performed by using Win-EPR software (Brü ker). The 408 of Y• (3.1 mM Ϫ1 ⅐cm Ϫ1 ) was determined by using the dropline method as described (13) . Cloning, Expression, and Purification of HisNrdI. Cloning and expression. Cloning and expression of E. coli nrdI was carried out as described for nrdE (SI Text), using the primers 5Ј-GCGGCCAGCATATGAGCCAGCTCGTCTACTTCTC-3Ј and 5Ј-CGTTTGGATCCTCAGGCATTCTGCGGTTGTC-3Ј, and Taq polymerase (Promega). nrdI was cloned into pET-28a. HisNrdI was overexpressed by induction with isopropyl ␤-D-thiogalactoside for 4 h at 30°C to isolate soluble protein or at 37°C to isolate inclusion bodies. In both cases, typical yields of cells were Ϸ2.8 -2.9 g of cell paste per liter culture. Purification of soluble HisNrdI. Purification was effected by using Ni-NTA affinity and Q Sepharose anion exchange columns as described in SI Text. The yield was Ϸ30 g/liter culture (Ͼ95% purity), based on 18.5 mM Ϫ1 ⅐cm Ϫ1 (34) . Purification of HisNrdI from inclusion bodies. Cell paste (Ϸ12 g) was suspended in 60 ml of 50 mM sodium phosphate (pH 7.6), 10% glycerol, and 1 mM PMSF, and passed through a French pressure cell once at 14,000 psi. The lysate was centrifuged at 30,000 ϫ g for 20 min. The pellet was resuspended in 60 ml of 100 mM Tris⅐HCl, 4% (vol/vol) Triton X-100, 2 M urea, pH 8.0 (4), by vortexing and sonication on ice (7 W for 4 ϫ 1-min increments, with 1 min rest in between), and the suspension was centrifuged at 17,000 ϫ g for 20 min. The resuspension and centrifugation were repeated once. The pellet was washed twice with 60 ml of water, resuspended, and centrifuged at 17,000 ϫ g for 20 min. The procedure yielded Ϸ0.2 g inclusion bodies/g of cell paste, which were stored at Ϫ20°C. Solubilization, refolding, and purification. HisNrdI inclusion bodies (200 mg) were solubilized in 80 ml of 50 mM sodium phosphate, 8 M urea (pH 7.0), and 10 mM DTT for 5 h at 25°C. All subsequent operations were performed at 4°C. The solution was added dropwise to a stirring solution of 560 ml of 50 mM sodium phosphate, 20% glycerol, pH 7.0 (buffer A), containing 200 M FMN and 1 mM EDTA. After being stirred for 4 h in the dark, 6 ml of SP Sepharose Fast Flow resin (preequilibrated with buffer A) was incubated with the refolding solution with stirring for 1 h. The column (1.5 ϫ 4 cm) was packed and washed with 20 column volumes of buffer A. HisNrdI was eluted with 50 mM sodium phosphate, 20% glycerol, 200 mM NaCl, pH 7.0 (buffer B). HisNrdI-containing fractions were identified by their yellow color and the Bradford reagent, pooled, and concentrated with a Millipore Amicon Ultra-15 5K MWCO centrifugal filter. SDS/PAGE (17%) established that the protein was purified to homogeneity. Typical yields were Ϸ11 mg/g cell paste.
Characterization of HisNrdI. The identity of the flavin cofactor was determined by the method of Birch et al. (37) as described in SI Text. The 454ox for HisNrdI was determined by the method of Mayhew and Massey (15) , and the hq spectrum and 454hq were determined by anaerobic titration with a solution of sodium dithionite in buffer B, standardized using a solution of potassium ferricyanide. The 575sq was determined (SI Text) from correlation of the vis spectrum of a sample of HisNrdI partially reduced with dithionite and the X-band EPR spectrum acquired anaerobically at 20°C in an aqueous flat cell (Wilmad). From the amount of dithionite added and the concentration of sq (using 575sq), the concentrations of ox and hq HisNrdI were determined. The spectral contributions of the ox and hq forms, scaled by concentration, were subtracted from the total spectrum to give the spectrum of the pure sq.
Determination of Eox/sq and Esq/hq of HisNrdI (18). HisNrdI was made anaerobic on a Schlenk line, and the other reagents were brought into a glovebox at 4°C in solid form. HisNrdI (Ϸ30 M), Ϸ25 M PS (max ϭ 524 nm, 524 ϭ 34.6 mM Ϫ1 ⅐cm Ϫ1 for oxidized PS), 2 M MeV, 250 M xanthine in buffer B, pH 7.0, in a final volume of 400 l, were placed in an anaerobic cuvette (SI Text). XO (from buttermilk, 0.6 units/mg protein, 1 unit ϭ 1 mol xanthine oxidized per min at pH 7.5, 25°C; Sigma Aldrich) was also added to the cuvette (at 150 nM), but not in contact with the other reagents. A vis spectrum was acquired from 360 -800 nm at 25°C. The concentrations of HisNrdI and PS were determined by fitting this spectrum as a linear combination of the spectra of oxidized HisNrdI and oxidized PS in Matlab (MathWorks). The cuvette was then inverted to add the XO and initiate the reaction and spectra were acquired every 2-4 min until A454 was Ϸ10% of its initial value. The spectra (Ϸ80 -100) were collected for analysis.
Difference spectra for each redox couple (PSox/red, FMNox/sq, and FMNsq/hq) were calculated by subtracting s of the oxidized from the reduced forms at each wavelength (380 nm Յ Յ 800 nm). The spectra and s of the oxidized and reduced PS were determined by titration with a standardized solution of sodium dithionite in buffer B, pH 7.0, at 25°C.
Each dataset was analyzed by subtraction of the average absorbance between 750 and 800 nm, followed by subtraction of the initial oxidized spectrum from each subsequent spectrum (16) between 380 nm Յ Յ 800 nm. Each difference spectrum was fit as a linear combination of component difference spectra by using multiple linear regression analysis in Matlab. The concentrations of the ox, sq, and hq forms of protein and ox and red forms of PS were calculated from the outputs of the fits. The solution potential (Eh) at each point in the titration was determined from the concentrations of ox and red PS by the Nernst equation, using Em ϭ Ϫ252 mV for PS (19) . The number of oxidizing equivalents () present at a given point in the titration was calculated from the concentrations of ox, sq, and hq HisNrdI at that point. Eh was plotted against , and the data points for which Eh was within 30 mV of Ϫ252 mV were fit to Eq. 2 (38) :
where Em(NrdI) ϭ Eh at ϭ 1 and ϭ 1/K, where K is the sq formation constant, from which Eox/sq and Esq/hq can be determined by using Eq. 1.
Titration of Met-NrdF with Reduced HisNrdI. Titration experiments at 25°C were modeled after those described for met-NrdB and YfaE (4) . NrdF was reduced with HU to produce met-NrdF, and HisNrdI was reduced with sodium dithionite by standard procedures (SI Text). There was Ͻ5% excess dithionite present after reductive titration of HisNrdI, as judged from the 312-nm region (max of dithionite) of the UV-vis spectrum of the HisNrdI hq. Protein was degassed on a Schlenk line (evacuation followed by five to six cycles of filling with Ar for 3-5 min) and brought into a 4°C glovebox immediately before use.
Reduction of met-NrdF to diferrous NrdF. Anaerobic reduced HisNrdI (Ϸ100 M in buffer B) was loaded into a 100-l gas-tight syringe, and the needle was inserted through the septum in a 0.5-ml cuvette that contained 240 l of Ϸ20 M met-NrdF in 50 mM Hepes, 5% glycerol, pH 7.6. Reduced HisNrdI was added in 2-or 4-l aliquots, and a spectrum was recorded after each addition. Titrations were monitored at 341 nm, the isosbestic point of the ox and hq forms of HisNrdI. The amount of Fe(III) in nmol present at a given point in the titration, N x, was calculated after each addition of reduced HisNrdI as described in SI Text, and the endpoint was judged to have been reached when there was no significant change in N x upon a further addition of 2 l of HisNrdI.
Reassembly of diferric-Y• NrdF. At the endpoint of the titration, O2 was blown over the solution for 5 s, the sample was mixed, and a spectrum was recorded.
Repetition of the procedure resulted in no further Y• formation. The sample was transferred to an EPR tube and frozen in liquid N 2. The quantity of Y• regenerated was determined by EPR spectroscopy.
Reduction of Met-NrdF and Met-NrdB by NrdI, FMNH2, and [2Fe-2S] 1؉ -YfaE.
HisNrdI (Ϸ100 M) and FMN (Ϸ450 M) were prereduced anaerobically with sodium dithionite as described above. [2Fe-2S] 1ϩ -YfaE and met-NrdB were prepared as described (4), and met-NrdF was prepared as above. 
